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The continuous development of integrated electronics, such as maintenance-free biosensors, 
remote and mobile environmental sensors, wearable personal electronics, nanorobotics etc. 
and their continued miniaturization has led to an increasing demand for miniaturized energy 
storage units. Micro-supercapacitors with graphene electrodes hold great promise as 
miniaturized, integrated power sources thanks to their fast charge/discharge rates, superior 
power performance and long cycling stability. In addition, planar interdigitated electrodes also 
have the capability to reduce ion diffusion distances leading to a greatly improved 
electrochemical performance. Either as standalone power sources or complementing energy 
harvesting units, it is expected that graphene-based micro-supercapacitors will play a key role 






































































development, challenges and perspectives in this area, with an emphasis on the link between 
material and geometry design of planar graphene-based electrodes and their electrochemical 
performance and integrability. 
 
1. Introduction 
Supercapacitors (SCs) are of particular interest for their high power densities as shown in 
Figure 1,[1] and ultra-long cycle life with little capacity loss.[2-5] They also have wide 
operational temperature range and can be operated environmental friendly as well as 
maintenance free.[6, 7] A supercapacitor is generally composed by one (or more) pair of 
electrodes similarly to an electrostatic capacitor, where the typical dielectric material is 
replaced by a liquid or solid-state electrolyte. The energy in a supercapacitor is typically 
stored following two distinct mechanisms, and the corresponding SCs categories are referred 
to either as electrochemical double layer capacitors (EDLCs) or as pseudo-capacitors. In 
EDLCs, energy is stored/ released via surface ions absorption/desorption in the effect of 
electric field. Hence, the EDLCs type active materials usually have high specific surface area, 
e.g. activated carbon and graphene.[8-10] On the other hand, for those pseudocapacitive 
materials, for instance MoS2, Nb2O5 and etc., redox reactions play a predominant role in 
energy storage.[11, 12] Obviously, energy storage through a combination of the two mechanisms 
above in the same supercapacitor cell is also possible, depending on the chosen electrode and 
electrolyte materials. 
However, large volume supercapacitors cannot be integrated in a miniaturized system with 
other electronic devices, and a planar alternative must be pursued. The rapidly increasing 
demand for wireless, self-powered, maintenance-free sensors and portable electronics have 
translated into an increasing need for miniaturized energy storage devices.[13-15] These small-
scale power sources have become indispensable, where the external power source is not at 





































































would still need to ensure a sufficient and uninterrupted energy provision by storing the 
excess energy locally to cover temporary dips in supply.[17] Currently, micro-batteries are the 
most common miniaturized sources in self-powered micro-devices.[18] 
Although micro-batteries are commercially available and their market demand is expanding, 
their application is limited by their low power density and short cycle life. Alternative to 
micro-batteries, micro-supercapacitors (MSCs) are fairly new miniaturized power sources in 
microelectronic systems. In recent years, thanks to the advantages offered by SCs, they have 
attracted tremendous attention for replacing micro-batteries.[19, 20] Recently, MSCs have been 
considered not only to complement sensing systems (humidity, temperature, etc.), which are 
normally low power consumption devices, but also for communication units, e.g. Wi-Fi, 
Bluetooth, 4G-network, with substantially more demanding power performance 
requirements.[21]  
Different approaches to MSCs fabrication include sandwich structures based on thin-film 
electrodes,[22] core-shell structures with fibre shape electrodes,[23, 24] and planar interdigital 
microelectrode finger arrays with micro-scale sizes in at least two dimensions.[25, 26] In 
particular, the planar interdigitated electrode configuration offers technical advantages over 
the sandwich structure, including a separator-free structure, shorter ionic diffusion distances 
and a larger electrolyte-electrode contact surface, resulting in superior capability, which is 
vital when the 2D layered materials are used as electrodes.[27] The diffusion distance of the 
electrolyte ions can be further reduced by reducing the gap between the electrodes, resulting 
in faster frequency response, smaller ion transport resistance and higher power densities, 
which is essential for future miniaturized mobile electronics.[25] In addition, the planar design 
permits the active electrode materials to be easily extendable to a 3D configuration, enhancing 
the areal energy and power density.[28] Finally, the planar architecture of MSCs can be made 





































































As a one-atom thick 2D carbon sheet, graphene enjoys a high surface area of around 2630 m2 
g-1 and outstanding electrical conductivity, making it a very promising active material for 
supercapacitors.[31] Generally, under a high temperature and with a metal substrate, by 
applying a chemical vapour deposition method (CVD), graphene is synthesized and 
subsequently transferred to its final substrate. However, the widespread application of this 
graphene is limited by the such processing conditions and low throughput.[32] The presence of 
abundant hydrophilic groups on the surface of graphene oxide (GO), the oxidized form of 
graphene, enables efficient dispersion in aqueous and some of the organic solvents for thin-
film synthesis via different techniques.(33) Although the electrical resistance of GO is higher, 
reduced GO (RGO) can be converted via various techniques, e.g. thermal, optical, chemical, 
or electrochemical process, etc., to reinstate the high electrical conductivity.[34, 35] By 
introducing various electroactive materials including carbon nanotubes (CNTs), metal 
oxides/hydroxides and conductive polymers, the electrochemical performance of graphene 
can be further improved.[36, 37] 
In fact, the chosen fabrication approaches are likely to influence the overall performances of 
MSCs and therefore determine whether the device will be successfully integrated in flexible 
or rigid electronics. The preparation of thin-film microelectrodes is facilitated by the 
advancement of processing techniques, e.g. chlorination, masking, gold sputtering, and 
selective etching methods of carbide derived carbon[20] and electrophoretic deposition of 
onion-like carbon.[38] 
Owing to the 2D flat morphology and atomic layer thickness of graphene, it is possible to 
design thin film planar interdigitated MSCs. In order to develop planar MSCs, graphene-
based films can be formed and patterned by using thin film based techniques.[39] An additional 
benefit of the thin-film based approach is that the graphene may be grown directly on the 
substrates of choice, for example, Si[40] and Polyethylene terephthalate (PET).[41] In particular, 





































































silicon substrate could enable on-chip integration. The extra benefits of this approach include 
improved conductivity and device performance with the binder-free electrode.[42] Moreover, 
this approach could be extended to fabricate 3D electrode structures with a further 
enhancement of energy density.[28] 
In this paper, as indicated by the schematic in Figure 2, we start with design considerations 
and performance metrics, followed by electrochemical performances of various graphene-
based MSCs as well as an overview of fabrication methods. Finally, the upcoming challenges 
and perspectives for graphene-based planar MSCs will be discussed. 
 
2. Design considerations and performance metrics for micro-supercapacitors 
 
The electrochemical properties of supercapacitors depend on the combination of several 
components, which include electrodes, electrolytes, separators and current collectors. In 
addition, the final properties of each of those components also strongly depend on design of 
the device, the matching of each components and device assembly.[43] Therefore, the 
advancement of the properties of each individual component is not an appropriate strategy to 
optimize the properties of supercapacitors.[6, 36, 44-50] Many review papers have already been 
published discussing different aspects of advanced SCs. [1, 2, 5-7, 21] Here, architectural 
approaches and the parameters for benchmarking MSCs performance are the major focus.  
 
2.1. Design considerations for MSCs 
 
Initially, MSCs were fabricated in a sandwiched configuration, similar to the planar thin film 
micro-batteries or capacitors (Figure 3a). However, from the practical application standpoint, 
this 2D sandwich-like design brings several disadvantages, which include unwanted position 





































































limitations in balancing both the energy and power performance to design superior 
performance MSCs in such a structure. Although thicker electrodes are in great demand to 
increase the mass loading and therefore enhance the energy density, the power density 
decreases as the thicker electrodes typically result in longer ion diffusion paths and higher 
electronic resistance.[17] 
As illustrated in Figure 3b, in the planar interdigitated architecture, each electrode of the 
device contains a number of microelectrode fingers on a substrate. The electrode fabrication 
process typically follows the thin film fabrication techniques, which involve patterning of 
electrode. The planar interdigitated electrode design has many advantages over conventional 
sandwich-like configuration. For example, large number of open edges provided by the 
interdigitated electrode fingers can improve the diffusion of the electrolyte ions.[51] Another 
advantage is that the narrow interspaces between electrode fingers can be controlled by 
applying conventional microelectronic fabrication processes or other advanced patterning 
processes. Therefore, ultra-high power is obtained due to the reduced ionic diffusion distance 
between electrodes and small ion transport resistance.[38] In addition, planar interdigitated 
MSCs possess excellent electrical and mechanical properties because they are fabricated 
without any separators and binders. Furthermore, the planar architecture of the electrodes 
eases the fabrication and the integration of MSCs with other micro-devices, which is 
advantageous for the full design of the microelectronic system, aiming at miniaturization.  
To obtain a high performance MSCs, some key parameters as shown in Figure 3b are of great 
importance, according to Liu et al..[51] As the ion conductivity of the electrolyte is constant,[52] 
the power density drops as the ion diffusion path and the ESR of the device increase if the 
distance of the gap between electrodes (Wg) gets higher. Herein, to reduce the resistance and 
improve the energy/power density of the MSCs, it’s important to increase the ratio of the 
width of the gap (Wg) to the width of the electrodes (We).
[53] Apart from this, the energy 





































































finger electrodes (I), and another one is to build up a thicker electrode (t) to form a 3D 
structure. The latter allows for a higher areal mass loading of the active materials, so that the 
performance of the device per unit area increases.[54] In addition to the on-chip planar 
interdigitated design, there is also a helical structure as shown in Figure 3c.[55] Such a design 
may enhance the strength of the device.[56] 
On the other hand, there is another important limitation regarding ion diffusion path 
specifically in layered 2D materials electrodes. In the traditional thin-film planar MSCs, ions 
can only diffuse into the interlayer of the electrodes from the edge, limiting the power 
performance seriously, even though the device is under optimized design. Therefore, the use 
of porous thin-film, which provides more ion diffusion channels, may help shorten the ion 
diffusion path greatly and increase the power density. Recently, to further improve the power 
density of the electrode, Yun et al. introduced a porous graphene film as the electrode of the 
MSC as shown in Figure 3d, this combination exhibits superior capacitance as well as power 
density, comparing with other carbon-based all-solid-state MSCs.[57] 
The three-dimensional (3D) interdigitated architecture is one of other choices with highest 
potential for further improvement of energy density of MSCs. There are many studies have 
been the subject for the development of 3D configuration for micro-batteries.[58-60] The 
increased areal energy density of the device and the enhanced power density due to the 
reduced ion transportation distance of electrolyte ions are the major benefits of a 3D 
configuration for electrochemical energy storage systems. This architectural concept can be 
also beneficial for MSCs. If the electrode materials possess high electrical conductivity, the 
areal energy density significantly increases due to the increased length in the z direction of 3D 
architecture. Compared to micro batteries, this is more practical for micro-supercapacitors as 
the materials used in micro-supercapacitors are generally much more conductive.[17] Although 
3D electrodes are preferred configuration for MSCs, only a few fabrication techniques for 





































































Recently, a number of portable/wearable, flexible and miniaturized electronic devices 
including flexible sensors, artificial electronic skin and roll-up displays, have been reported,[61, 
62] which require thin, flexible and integrated high-performance MSCs.[63, 64] The fundamental 
mechanical properties of the electrode materials, electrolytes, substrates, and their assembly 
play a key role on the flexibility of MSCs.[65] Generally, flexible substrates, such as polymer 
films and papers, which satisfy the requirements, are used to support MSCs. Meanwhile, gel 
and solid-state electrolytes are the most appropriate types for integrated, rigid and flexible, 
planar MSCs.  
 
2.2. Performance metrics of micro-supercapacitors 
 
The main figures of merit of a supercapacitor are related to how much energy stored and how 
much power delivered per unit volume or weight. Gravimetric capacitance, energy and power 
densities are the parameters that are generally used for assessing the performance of 
supercapacitors against units of volume and weight. Note that the gravimetric performance of 
supercapacitors depends on total mass, density and thickness of the electrodes and also weight 
of other constituents. Thus, it is difficult to compare different micro-supercapacitors based on 
gravimetric capacitance.[66] The gravimetric capacitance metrics is not appropriate for planar 
MSCs, where the weight of the electrode materials is negligible and the volume and substrate 
area of the device are always limited. Since the total mass loading of active materials is small 
in MSCs, the volumetric and particularly the areal performances are more suitable as 
benchmark of the electrochemical performance.  
There are many reports showing that volumetric capacitances are mostly dependent on 
properties of electrode materials. For thicker electrodes, the value of volumetric capacitance is 
important. However, it is hard to achieve constant volumetric capacitance of a certain material 





































































thicker and consists of complex internal pore structure the volumetric capacitance tends to 
decrease.[20] The volumetric capacitance also decreases for pseudo capacitive materials with 
inaccessible redox sites.[67] As the devices are supposed to integrate with miniaturised 
electronic devices with limited areas, performance assessment against the footprint area of 
MSCs is the key. Thus, areal capacitance, power and energy density are the more dependable 
parameters for MSCs benchmarking.  Areal capacitance Cs (F cm-2), energy Es (W h cm-2) 
and power densities Ps (W cm-2) can be calculated as per following equation:   








                                                                                                                               (3) 
Where Cs is the areal capacitance, s indicates the total area of the microelectrode array, and 
ΔV is the voltage range, Es and Ps are the maximum energy and power densities. The 
capacitance and the voltage window can be indicated in circular voltametric (CV) method and 
galvanic charge/ discharge (GCD) method directly. The key to figure out the areal 
performance of the electrode is to measure the total area accurately.  
 
2.2.1. Methods for evaluation the porosity of thin-film electrode  
 
As mentioned earlier, the porosity and pore structure of MSC electrodes is a particularly 
important parameter linked to the accessibility of a maximum electrode area by the electrolyte. 
Therefore, the tailoring of porosity, pore size and connectivity of the electrode material to the 
chosen electrolyte is a key factor to maximise the total as well as the areal capacitance of an 
MSC, as well as its power densities. However, an accurate optimisation of the porosity of 
MSCs electrode materials has been held back so far by the fact that the pore characterisation 





































































Traditional N2 adsorption porosimetry [Barrett–Joyner–Halenda (BJH)] is widely used in the 
indication of porosity and surface area of porous materials. However, it’s not applicable in the 
measurement of thin-film porosity, according to Maex and co-workers.[68] Several concerns 
are listed in their review. As the technique works by measuring the mass or volume of 
adsorbate condensed in the pores, samples on the substrate needs to be scrubbed off to collect 
enough powder like sample, in case the small amount fails to meet the sensitivity of the 
detector and induce large errors in the estimate of the total porous surface. The other 
drawback of the method is the extremely low temperature of the nitrogen. High pressure may 
be generated inside the thin film and result in swelling and cracking during cooling, especially 
when there are closed pores, inducing errors in the estimates. To enhance the accuracy of 
porosity evaluation, some advanced techniques, including positron annihilation lifetime 
spectroscopy,[23, 69] Positron annihilation spectroscopy,[70, 71] small-angle neutron scattering 
(SANS),[72] small angle x-ray scattering (SAXS)[73] and ellipsometric porosimetry (EP),[74-77] 
which have all been extensively developed for electronic thin-film materials such as low-k 
dielectrics,[68] will be introduced in the following sections.  
 
Positron annihilation (lifetime) spectroscopy (PAS and PALS) 
 
A focused positronium (Ps, a free electron-positron couple) beam is used as probe for voids 
within matter. The positronium has a short lifetime as it tends to annihilate or then decay via 
an electron bond in contact with electrons in the matter, PALS can collect the information of 
pore structure and size by detecting the lifetime of Ps, and PAS can provide porosity data 
through extracting information from the Ps annihilation reaction, as shown in Figure 4.[78, 79] 
And it’s noteworthy that if there are all open pores which are interconnected, a capping layer 






































































In the PALS method, the Ps lifetime distribution curve can be obtained by recording the 
lifetime histogram. Assuming a known pore geometry, pore size can then be calculated using 
mathematical models.[69] For calculating the porosity of the sample, the PAS method is used. 
By detecting the amount of 2ϒ and 3ϒ photons that generate in annihilation reaction and 
comparing the 2ϒ (annihilation with a molecular electron [80] from the pore wall) and 3ϒ 
(self-annihilation) photon annihilation ratio of Ps, porosity can be calculated. As in PAS 
method, the ratio of 2ϒ photon reflects the collision frequency with pore walls, which affects 
the Ps lifetime, therefore, the porosity properties can be derived.[80] Tang et al. have used 
PALS method to explore the pore interconnectivity of porous silica thin film,[81] a frequently-
used template for porous carbon electrodes.[82] The Ps 3γ-annihilation fraction was highly 
related to the diffusion of Ps, the diffusion of which was governed by the interconnectivity of 
the porous silica thin-film. Herein, the porous structure of silica was unravelled with PALS 
and showed good correlation to their cyclic voltammetry measurements. 
 
Scattering techniques (SANS, SAXS) 
 
A variation in the small-angle scattering lengths of neutrons (SANS) and X-Rays (SAXS) 
density occurs with the matter is observed when pores are present within the solid sample. 
The scattering concept for neutrons and X-rays is similar, but SANS and SAXS offer 
complementary information by comparing the interaction of a neutral particle to that of X-
rays. In the scattering experiment setup as shown in Figure 5a, where the intensity is a 
function of 2ϴ, the pore size is estimated as d~λ/2ϴ, where λ is the wavelength of the 
scattered radiation,[83] the angular distribution of scattered intensity can be measured and 
details of the porosity can be obtained. Combining with specular XRR and normalizing the 
XRR film density to the skeleton density, also the total porosity information can be calculated 





































































observed scattering intensity profile and the calculated profile, as in Figure 5c. This method 
has its limitations as only the mean pore size can be obtained.[73] Also, the sensitivity and the 
resolution of the scattering method is lower, due to the small volume of thin film, comparing 
with bulk samples.[72] Using in-situ SAXS, Prehal and co-workers managed to unravel the 
distribution of ions in microporous carbons. Moreover, the authors believe that the developed 
toolkit could be used to further understand the mechanism of EDLC and would be useful in 
the capacitive deionization field.[84] 
 
Ellipsometric porosimetry (EP) 
 
This method is specifically developed for porous thin-film dielectrics or low-k films. 
Combining both the nonintrusive (wave propagation) and intrusive (adsorption) methods, and 
measuring the polarization state of a light beam reflected off a surface, two measured 
parameters of Ellipsometric porosimetry, the phase and amplitude ellipsometric angles  Δ and 
Ψ can be collected. The Fresnel reflection coefficients R∟ and Rǁ can be then calculated using 
equation 4:  
𝑅ǁ
𝑅∟
= tan⁡(𝛹)exp⁡(𝑖𝛥)                        (4) 
Then following the theory developed by Dubinin and Radushkevitch (DR),(85) the porous 
profile of the sample can be obtained, as shown in Figure 6.[68] The EP method is one of the 
simplest and more accurate for thin-films, however, the method is not reliable for films with 
thickness below ~10nm. Such a method was used by Kozbial and colleagues to study the 
hydrocarbon absorption onto the exfoliated highly ordered pyrolytic graphite (HOPG). The 
wettability of HOPG was explained on the basis of their EP data.[86] 
All these methods have their advantages as well as drawbacks, which needs further detail 






































































2.2.2 Efficiency of Micro-Supercapacitor 
 
 Multiple parameters should be used to accurately assess and benchmark the MSCs 
performance. The coulombic efficiency (CE; ratio of the cathodic and anodic capacity) is 
often used as a metric of the efficiency of energy storage. 100 % CE is desirable because it 
indicates that electrons are not lost to parasitic processes, such as electrolyte decomposition. 
A less-reported measure of energy storage performance is called energy efficiency, which 
captures the efficiency of both the capacity (CE) as well as the potential. The energy 
efficiency (E) is determined by taking the ratio of discharging energy and charging energy 
(Edischarge/ Echarge).
[87, 88] The energy is calculated for the cathodic and anodic scan using 
Equation 5, where ∆t is the charge/discharge time determined by the scan rates, and dv is the 
potential window.  
𝐸 = (∫ 𝑖𝑑𝑉
𝑉𝑓
𝑉0
)∆                                                                                                                       (5)          
 
2.2.3 Micro-Supercapacitor components and architectures 
 
A broad range of electrode materials has been investigated to fabricate MSCs.[89-92] Among 
these electrode materials, two-dimensional (2D) graphene has received tremendous attention 
thanks to its superior electron mobility of 15 000 cm2 V-1 s-1 and large surface area of 2630 m2 
g-1 with a outstanding theoretical capacitance of 550 F g-1.[70, 93] The integration of MSCs with 
other micro-devices could be facilitated by the 2D nature of graphene because of its analogy 
with thin-film materials as used in microelectronics. Additionally, the electrolyte and its 
tailoring to the chosen electrode material, is another vital factor for the electrochemical 





































































oxide (GO) shows the potential to work as solid-state electrolyte for graphene-based MSCs. 
In section 3, we will review the graphene-based planar interdigitated MSCs. 
Additionally, to date, a lot of electrode materials and feasible fabrication techniques have 
been reported for the assembly of MSCs. However, it is essential to understand the 
application purposes of the device before appropriate design. There are several parameters 
such as integrability, areal energy and power densities and cycling stability that are mostly 
desirable for the application of MSCs in an integrated self-powering system. The integrability 
strongly depends on the compatibility of electrode fabrication and the packaging of 
electrolytes. The energy and power densities also depend on the fabrication procedure as they 
determine what architectures to be constructed and what electrolyte and electrode material to 
be used for the device.[27] In section 4, we will talk about recent progress in the fabrication of 
graphene-based MSCs. 
 
2.2.4 Electrolytes for MSCs 
 
The electrolyte is another key component of planar micro-supercapacitors. An ideal 
electrolyte should be electrochemically stable in a large voltage window, ionically conductive 
and electronically insulating, in addition to the requirements of low cost, low viscosity, low 
volatility, low toxicity and availability at high purity. The operando voltage of supercapacitors 
depends on the electrolyte decomposition voltage, which is a key factor to the maximum 
specific energy values. Meanwhile, the electrolyte conductivity influences the equivalent 
series resistance (ESR), which contributes to the power density of supercapacitors.  
Electrolytes for SCs are classified into liquid electrolytes and solid electrolytes. The liquid 
electrolytes can be further categorised into aqueous electrolyte, organic electrolyte and ionic 
liquids.[94] Although liquid electrolytes have already been well developed for commercial 





































































electronic systems. For MSCs, the use of solid-state or gel-type electrolytes is highly 
recommended, as they not only alleviate possible internal shorting and external electrolyte 
leakage issues, but also help reduce the device thickness by removing the need for a separator 
and extra encapsulation layers.[51] The development of solid-state electrolytes has been more 




Aqueous electrolytes (such as H2SO4, KOH, Na2SO4 etc.) have generally high ionic-
conductivity (up to 1 S cm-1) and low resistance, but limited voltage windows. For instance, 
Sugimoto and co-workers reported mesoporous RuO2 as the active material and 0.5 M H2SO4 
aqueous electrolyte for MSC with a gravimetric capacitance of 400 F g-1 and energy density 
of 12.5 W h kg-1.[95] Recently, Bhawna et al. introduced the redox pair I-/ I3
- into electrolytes 
by adding KI into H2SO4 based electrolyte. The as-fabricated paper-based graphene MSC 
generated enhanced performance with an outstanding volumetric performance of 29.6 mF cm-
3 under the current density of 6.5 mA cm-3.[96] However, the energy stored is limited by the 
narrow working voltage range of about 1 V due to the low decomposition voltage of water 
(1.23 V).[97] In addition, the aqueous electrolytes are rather common as they can be prepared 




Organic electrolyte, a kind of mixture of salt and organic solvents, e.g. acetonitrile and 
propylene carbonate (PC), which provides a wide potential window as high as 3V, increasing 
the energy performance of the MSC significantly.[98] With 1 M tetraethyl ammonium 





































































MSC showed a voltage range of 2 V and a areal capacitance of 1.5 mF cm-2, resulting in a 
energy density of 3.0 J cm-2.[99] Further, Huang et al. reported a free-standing elastic carbon 
film based MSC with 2M EMI,BF4 in CH3CN electrolyte showed a wide potential range of 
3V and demonstrated a volumetric capacitance of 160 F cm-3 under a scan rate of 20 mV s-1, 
resulting in an improved energy density.[100] However, the poor ionic conductivity limits the 




Ionic liquids, which are usually molten salts at room temperature, have attracted considerable 
attention for application in MSCs. As a kind of electrolyte without solvents, ionic liquid is 
non-flammable and has a low vapour pressure that inhibiting the risk of explosion. Moreover, 
comparing with aqueous, ionic liquid provides a wider potential window.[101] Eustache and 
co-workers used 1-ethyl-3-methylimidazolium bis (trifluoromethylsulfonyl) imide (EMI-
TFSI) ionic liquid working as electrolyte in the MnO2 thin-film based MSC. The operational 
voltage range of the as-obtained MSC was 1.5V, which was almost two times of the same 
combination with an aqueous electrolyte (0.8V). However, due to the low ionic conductivity 
of ionic liquid, the MSC with EMI-TFSI electrolyte demonstrated slightly lower energy 
density (>6.5 μWh cm-2) than the one using 0.5M Na2SO4 electrolyte (>10 μWh cm
-2) with a 
power density of 1 mW cm-2.[102] Further development and improvement of ionic liquid by 
mixing ionic liquid with gel-electrolytes for application in integrated MSCs is an important 
direction of next generation MSCs. 
 






































































The main disadvantage of the electrolytes discussed above is their liquid nature, requiring an 
adequate and reliable encapsulation, which is often unpractical for miniaturization and 
flexible devices. Solid-state electrolytes are thus of particular interest for application in MSCs, 
and offer additional advantages for miniaturization and integration. For instance, the separator 
and electrolyte functions can be combined into a single layer.[103-105] 
Solid electrolytes are commonly produced by mixing a polymer matrix with the additives, e.g. 
acids, salts or ionic liquids, in which the ionic conduction mainly takes place through voids or 
defects in the solid solution. Their performance nowadays compare well with liquid 
electrolytes.[31, 106] Researchers have developed different polymer matrixes, including 
poly(vinyl alcohol) (PVA), poly(vinylidene fluoride) (PVDF), polyacrylonitrile (PAN) an 
poly(vinylpyrrolidone). Among these matrixes, PVA is the most commonly used polymer.  
PVA/H2SO4 and PVA/ H3PO4 and PVA/lithium chloride have been extensively reported as 
solid-state electrolytes for planar MSCs.[25, 107-109] These solid-state electrolytes exhibit 
excellent mechanical properties, with good cyclability and low leakage current.[110] The ionic 
conductivity of PVA/H3PO4 ranges from 10
-5 to 10-3 S cm-1, while that of PVA/H2SO4 has 
been reported as  high as 7 × 10-3 S cm-1 at room temperature.[111, 112] Ionic liquid -based solid-
state electrolytes (or ionic gels) have also demonstrated operation voltages above 2 V, 
improving substantially the energy density of MSCs. PVA/1-butyl-3 methyl imidazolium tetra 
fluoroborate (BMIBF4) and 1-ethyl-3-methylimididazolium bis (trifluoromethylsulfonyl) 
imide/fumed silica have also been successfully applied as non-aqueous gel electrolytes for 
micro-supercapacitors, showing a wide operation voltage range of 2.5 V, and excellent power 
performance.[113, 114] 
However, as compared to liquid electrolytes, solid-state electrolytes typically exhibit lower 
ionic conductivities. Also, an adequate chemical stability of solid-state electrolytes is critical 
in order to ensure a large potential window and cyclability. In addition, as a requirement for 





































































and often transparency.[105] Lu et al. have recently reported a 3D-graphene -based MSC using 
PVA/H2SO4 as solid state electrolyte. The MSC exhibited a high power density of 14.4 mW 
cm-2 with a reasonable energy density of 0.29 μWh cm-2, and a potential window of 1V.[115]  
 
3. Graphene-based Material in Planar Interdigitated Micro-supercapacitors 
 
Given the advantages of planar interdigitated MSCs mentioned earlier,[20, 38] the fabrication of 
planar MSCs using various nanostructured carbon materials as electrodes has been 
extensively pursued, including activated carbon,[116] CNTs,[117] carbide-derived carbon,[20] 
onion-like carbon[38] and graphene[28]. 
In particular, graphene, as a 2D carbon material with a high specific surface area, a 
remarkable Young’s modulus as high as 1.0 TPa and high electrical conductivity, has 
attracted increasing research interest over the years among various fields of physics and 
materials science.[118] The following section reviews recent progress in the development of 
graphenic materials as electrodes for planar interdigitated MSCs. 
 




The specific capacitance of EDLCs is strongly related to the specific surface area of the active 
materials. Graphene possesses an outstanding electronic conductivity and a large specific 
surface area, both important requirements for electrode materials. Synthetic graphene, as well 
as reduced graphene oxide, have been extensively evaluated in both rigid and flexible planar 
MSCs. For example, Yoo et al. compared a monolayer graphene synthesized by a CVD 





































































supercapacitor. The areal capacitance of monolayer graphene-based device is around 80 µF 
cm-2, while the value of multilayer RGO film is 394 µF cm-2.[48] 
Niu et al. obtained an ultrathin, compact, flexible all-solid-state reduced graphene oxide 
(RGO) interdigitated microelectrode-based MSC by conventional photolithography along 
with electrophoretic methods as shown in Figure 7.[90] With H3PO4/ PVA gel electrolyte, the 
fabricated MSC delivered a superior capacitance of 462 μF cm-2 with a high coulombic 
efficiency of 98%.  
With advancements in the fields of thin film fabrication and device design, the 
electrochemical performance of graphene-based MSCs has been significantly boosted in 
terms of capacity, energy and power performance. Wu et al. have developed graphene-based 
planar interdigitated MSCs on both rigid and flexible substrates with outstanding performance 
through micro patterning of graphene films reduced by methane plasma.[19]  As shown in 
Figure 8a-d, a graphene oxide solution was dispersed by spin-coating, treated with oxygen 
plasma, and then reduced by methane (CH4) plasma. Following the fabrication of the 
interdigitated current collectors, the exposed graphene on Si wafer was subject to oxidative 
etching to form the interdigitated microelectrodes. The obtained all solid-state MSCs with 
PVA/ H2SO4 electrolyte demonstrated a power density of 495 W cm
-3 with an energy density 
of 2.5 mW h cm-3. The MSC still possessed an outstanding cycling stability and ~98 % 
capacitance retained even after 100000 cycles at the scan rate of 50 V s-1. Wu et al. have 
reported improved electrochemical performance by the reduction of the width of the finger 
and space between them for interdigitated electrodes.[119] The MSCs presented an enhanced 
specific capacitance of 116 mF cm-2 with a power density of 1270 W cm-3. This work 
highlighted the consequence of reduced widths of fingers, space between the adjacent fingers 





































































Wang et al. have also used a thin film based technique to grow SiC-derived graphene directly 
on the silicon substrates through the use of epitaxial silicon carbide to fabricate all-solid state 
supercapacitors.[39] 
In addition, Xiong et al designed a superior graphitic petal (GP) electrode based symmetric 
MSCs by combining microwave plasma chemical vapour deposition (MPCVD) and 
electrochemical oxidation steps. Firstly, the GP layer was grown on the substrate using 
MPCVD, and then the current collector was coated onto the GP surface via electron-beam 
evaporator. Later, the pattern was formed by plasma etching. After an electrochemical 
oxidation treatment in a three-electrode system, the GP-based MSC demonstrated a high 
volumetric capacitance of ~ 68 F cm-3, due to the improved surface wettability and the larger 
amount of oxidation functional group. Compared to commercial devices, the devices by 
Xiong et al exhibited a superior energy density of up to 10 mWh cm-3.[120] 
To further enhance the areal and volumetric performance of the device, Z-S Wu et al designed 
a binder-free activated graphene (AG) compact film via altering deposition of AG and 
electrochemical exfoliated graphene (EG) onto the PTFE membrane with the help of vacuum 
filtration, then the film was dried and transferred to Si wafer, following by oxygen plasma 
etching as shown in Figure 9.[121] The MSC fabricated with the AG-EG film output a specific 
capacitance of 147 F cm-3 at the scan rate of 10mV s-1 and 19.3 F cm-3 even with an scan rate 
of 10 V s-1. 
Nickel-assisted graphitization process also introduced to prepare highly conductive graphenic 
nano-carbon with significantly increased accessible surface area. The graphene thin film 
based all solid-state supercapacitors demonstrated promising performance and capacitance 
retention upon long-term cycling. The process they described and materials and equipment 
they used for the fabrication of graphene that are used in semiconductor technologies. This 
also indicates that thousands of micro-devices can be produced on large wafer by wafer-scale 






































































3.1.2 Graphene quantum dots 
 
Next to graphene sheets, graphene quantum dot (GQD) is another promising class of 
graphenic materials showings novel physical and chemical properties including nanometre-
sized sheets, chemical stability, exceptional electrical conductivity, and many edge 
defects.[124] Liu et al. developed an electrophoretic deposition GQD-based planar symmetric 
MSC (Figure 10).[125] With a high scan rate of 1000 V s-1, the obtained MSC showed an 
ultrafast frequency response with τ0 = 103.6 μs in 0.5 M Na2SO4 electrolyte. Its operational 
voltage window was expanded to 2.7 V with the use of ionic liquid electrolyte. Thanks to the 
numerous edge defects in the GDQ, the electrolyte accessibility and ionic diffusion through 
the graphene layers are highly enhanced, leading to a remarkable electrochemical 
performance.  
 
3.1.3 Heteroatom-doped Graphene 
 
The capacitance of graphene-based supercapacitors can be improved via heteroatom doping, 
e.g. nitrogen,[126] boron,[127] phosphor[128] and sulphur.[129] However, the preparation of 
homogeneously doped graphene films for MSCs over a large scale is challenging.  
Combining spray-coating with thermal treatment, Mullen et al. have synthesised 
homogeneous and continuous sulphur-doped graphene (SG) ultrathin films derived from a 
sulphur-decorated graphene using a bottom-up, wafer-scale approach (Figure 11).[130] The 
described process provides a new strategy for the preparation of high performance MSCs 
based on uniform doping and highly conductive large area graphene films. The SG-MSCs 





































































and superior rate performance with an areal capacitance of 8.1 µF cm-2 at the even higher scan 
rate of 2000 V s-1. Even at 200V s-1, 95 % capacitance was retained after 10000 cycles 
(Figure 11 j).  
Nevertheless, boron-doped graphene reported by Peng et al is shown in Figure 12.[131] To 
obtain the boron-doped light induction graphene film (B-LIG), PAA solution in N-
methylpyrrolidone was added into H3BO3 and mixed as a precursor solution. Then a solid 
PAA/H3BO3 sheet was synthesized by pouring the precursor solution onto an aluminium dish 
and dried under vacuum. After that, PI/H3BO3 film was obtained via dehydrated the previous 
sheet. Following this, the PI/H3BO3 film turned into B-LIG film under laser induction process. 
Both areal capacitance and volumetric energy density at various power densities were 
enhanced significantly by boron-doping. 
Also, N-doped graphene is also a kind of widely studied materials. A fibre electrode based 
high performance wearable MSC with nitrogen-doped graphene was reported by G. Wu et al. 
recently.[132] As presented in Figure 13 a-c, the well-dispersed GO and urea mixing solution 
was injected into a micro reactor. During the first step heat treatment, self-assembly 3D-
network amino-GO was formed. Further reduction and N-doping of the graphene took place 
in second step heating. To fabricate the MSC, gel-electrolyte was added between two pieces 
of N-doped graphene fibre. The fibre is ultra-flexible and can be assembled in cloth as shown 
in fig.10d. Thanks to the high electronic conductivity, large specific surface area, and uniform 
pore distribution of the fibre, the as-obtained MSC delivered a high areal capacitance of 1132 
mF cm−2, and excellent stability under cycling as well as bending with the H3PO4/PVA 
electrolyte. 
As a combination, nitrogen and boron co-doped graphene-based planar interdigitated MSCs 
were fabricated using conventional photolithography and a layer by layer assembly.[133] The 
co-doping with dual heteroatoms improved the electrode/ electrolyte interface wettability and 





































































specific capacitance of 488 F cm-3, and high cycle stability even under the high scan rate of 
2000 V s-1, which indicates that heteroatom-doped graphene electrodes may be a promising 
alternate avenue for MSCs. 
 
3.2. Graphene-based composites and heterostructure  
 
As discussed, the accessibility of electrolyte ions through all graphene layers is the key to 
improving the overall performance of MSCs. The performance of planar MSCs can be further 
enhanced by the addition of electroactive components as spacers, including carbon nanotubes 
(CNTs), electrically conductive polymers and nanostructured metal oxides between the 
graphene layers.[134] Assisting by the electroactive components, the agglomeration of the 
graphene sheets could be avoided, hence enhancing the accessible surface area of the 




Wang and co-worker’s developed a binder-free RGO/CNT hybrid interdigitated 
microelectrodes with the width of 100 µm and the interspace 50 µm through electrostatic 
spray deposition (ESD) and photolithography methods (Figure 14).[36] As mentioned before, 
the accessible surface area for effective diffusion of electrolyte ions was enlarged by CNT. 
The interdigitated MSC demonstrated an energy density of 0.68 mW h cm-3 with a power 
density of 77 W cm-3, which is superior to that of MSCs made from individual RGO or CNTs. 
By optimising both the material design and fabrication step, using CNTs as spacers to 
enhance the active material/ electrolyte interface area, the obtained MSC shows superior 





































































Ultrafast charge transport pathways and low interfacial resistance between the electrodes and 
current collectors are two factors to increase the frequency response of MSCs. For this 
purpose, a 3D graphene-CNT carpet (G-CNTC) based hybrid MSC on nickel substrate was 
reported by Lin et al. by introducing vertically aligned CNT on few-layer graphene.[137] At a 
frequency of 120 Hz, the fabricated G-CNTC-MSCs demonstrated an impedance phase angle 
of -81.5°. Thanks to the advanced structure, the as-obtained device exhibited a remarkable 
power density of 115 W cm-3 with the energy density of 2.42 m Wh cm-3 in ionic liquid 
electrolyte (1 M BMIM-BF4).  
Similarly, X. Mao successfully designed a multi wall carbon nanotube (MWCNT)/ graphene 
electrode as shown in Figure 15.[138] MWCNT was firstly oxidized to o-MWCNT with 
H2SO4and HNO3. Then o-MWCNT was mixed with GO under ultrasonic to form a 
homogeneous solution and sprayed onto PET substrate. After dried, laser treating was applied 
to reduce the GO into RGO and the electrode pattern was printed either. PVA/ H3PO4 gel 
electrolyte was prepared for electrolyte. The fabricated MSCs presented an outstanding 
specific capacitance, energy density and power density as high as 46.6 F cm−3, 6.47 mW h 
cm−3and 10 mW cm−3 at a current density of 20 mA cm−3, and excellent cycling reliability. 
In addition, a highly stretchable tandem MSC based on graphene/carbon nanotube/cross-
linked PH1000 film (GCP) is reported lately by H. Xiao et al. as shown in Figure 16.[139] 
Firstly the exfoliated graphene (EG), carbon nanotube (CNT) and cross-linked PH1000 were 
mixed in ethanol/ DI water, following by vacuum filtration through a PTFE membrane. Then 
H2SO4 was deposited on each side with the assistance of the interdigitated mask. After that, 
the film was transferred to the surface of a 230% pre-stretched rubber substrate, which was 
brushed with PVA aqueous solution.  Finally, the GCP-based MSC is fabricated. The device 
showed specific capacitances of 15.2 mF cm-2 at 500 mV s-1 and 4.4 mF cm-2 at a high scan 
rate of 2 V s-1. Also, even with 200% strain rate, the MSC device still shows similar 





































































states repeated from 200% to 0%, the MSC still had impressive cycle stability of 93.2% initial 
capacitance retention rate. 
 
3.2.2. Graphene/Conducting polymers 
 
The addition of pseudo-capacitive materials to graphene electrodes has also been shown as an 
effective option to provide extra capacitance, originating from Faradaic redox reactions which 
take place at the electrode-electrolyte interface. Recently, a micromolding with capillary 
method to form patterned RGO microelectrodes with vertically aligned PANI nanorod arrays 
was reported by Xue et al.[140] Under the current density of 2.5 A g-1, the RGO/PANI 
delivered the gravimetric capacitance of 937 F g-1. The reversible nature of the redox 
transitions was indicated by cyclic voltammetry, and the authors reported that the charge 
transfer efficiency was tunable by adjusting the density and dimensions of the PANI rod 
arrays.  
The homogeneous dispersion of the active materials or their precursors is critical for devising 
thin-film MSCs based on graphene. Song et al. developed a RGO/sulfonated PANI (RG/SP)-
based electrode, prepared via spin-coating onto a flexible Kapton tape.[91] Mask -assisted 
oxygen plasma etching was introduced to form the patterns with the gold current collector. 
Thanks to the strong π–π interaction between RGO and SPANI, the SPANI intercalates 
uniformly into graphene layers. Because of the unique nanostructure and excellent 
conductivity of the thin film, the as-obtained device presented a high volumetric capacitance 
of 16.55 F cm-3, referring to the energy density of 1.51 mW h cm-3 in H2SO4/PVA gel 
electrolyte. Apart from this, the volume expansion during redox reactions can be prevented by 
the SPANI in the robust graphene network, resulting in good cycling performance (85.4% 





































































To further improve the performance, it’s essential to explore the pseudocapacitive layer to the 
electrolyte. In this regard, X. Tian et al designed a holey-graphene/ PANI composite as 
electrode of MSC as shown in Figure 17a. The GO suspension was obtained via a modified 
Hummers’ method and diluted. Then 70% concentrated HNO3 solution was added and mixed 
with stirring as well as sonication to synthesize holey-graphene. Later, the photoresist 
material was spin-coated on the SiO2 substrate. After baking, the interdigital patterns and Ti/ 
Au current collectors are produced using lithography and physical vapour deposition. As next 
step, the holey-GO was deposited on the current collector and reduced. Finally, PANI was 
electro-polymerized on the holey-graphene intermediate layer, so that the ions from the 
electrolyte can diffuse to the inter PANI layer, resulting in superior performance.[141] 
Oppositely, mesoporous PANI was introduced into graphene/PANI system by Z. Liu et al as 
shown in Figure 17b.[142] 1-pyrenesulfonic acid sodium salt (PSA) functionalized exfoliated 
graphene (EG) was fabricated first. Then amphiphilic block copolymer polystyrene-b-poly 
(ethylene oxide) (PS146-b-PEO117) mono-micelles were prepared and introduced onto the 
surface of the as-prepared EG. Later, mesoporous PANI (mPANI) was formed on both sides 
of the EG. At last, the PS146-b-PEO117 templates were removed and EG-mPANI was obtained. 
The combination of electron-double-layer capacitive graphene and pseudocapacitive 
mesoporous-PANI resulted in an impressive performance and high power density of up to 600 
W cm−3, as described by the authors. 
Additionally, poly pyrrole is also a part of graphene/ conducting polymers (mPPy@RGO-
POM, mPGM). Template-based mesoporous poly pyrrole-graphene sheet MSC was reported 
by J. Qin et al, as presented in Figure 17c.[143] The obtained mPGM-MSC, containing a 
combination of  mPPy@RGO-POM and EG nanosheets, delivered a specific capacitance of 







































































3.2.3. Graphene/Metal oxide 
 
As pseudocapacitive materials, transition metal oxides can also be used in MSCs.[37] As 
reported by Peng et al., a MnO2/graphene integrated electrode-based all-solid-state MSC 
demonstrated a gravimetric capacitance of  267 F g-1 under the current density of 0.2 A g-1 
and also stable cycling performance (92 % capacitance retained after 7000 cycles) (Figure 
18).[144] In the design of this hybrid thin -film system, the integration of MnO2 with graphene 
provided extra active surfaces as well as created more interface paths between graphene 
sheets, facilitating charge transport. 
To enhance the performance of graphene/MnO2 electrodes, silver nanowires were introduced 
by W. Liu et al as shown in Figure 19. The graphene/ MnO2/Ag-nanowire film was prepared 
by the vacuum filtration of GMA suspension and transferred to the ammonia substrate first. 
With thin gold layer thermally evaporated onto the surface of the film assisted by a mask, the 
pattern was created by oxygen plasma etching. After being annealed, the MSC was assembled 
and demonstrated a specific energy densities of 2.3 mW h cm-3 with a power density of 162.0 
mW cm-3 in an ionic liquid gel electrolyte.[145] 
With similar purpose, P. Hu put forward an RGO/MnO2 wire-in-scroll electrode design.
[40] As 
the ion can only diffuse through the gap between graphene layer and MnO2 nanowire as 
shown in Figure 20a, porous graphene (pGO)/MnO2 nanowire was developed to shorten the 
ion diffusion path. Under a scan rate of 20 mV/s, the device based on MnO2/pGO presented a 
4 -fold improvement in capacitance as compared to the MnO2/RGO nanowire device. Plus, 
the capacitance contribution was calculated under various scan rates as presented in Figure 
20c. The result indicated that the rate performance was seriously limited by ion diffusion step 
and explained the outstanding rate capability of the MnO2/ pGO design. 
Additionally, MnO2 was replaced by Fe2O3 in the work from S. Gu et al.
[146]. Firstly, the 





































































treatment, the resulting graphene/Fe2O3 product was filtered and washed. During MSC 
assembly step, PVA/KOH gel electrolyte was used. The fabricated device delivered a specific 
capacitance of 11.57 F cm-3 at a high scan rate of 200mV s-1. 
 
3.2.4 Graphene/Phosphorene  
 
In spite of those traditional pseudocapacitive components, a recently discovered 2-
dimensional compound, phosphorene, was mixed with graphene working as electrode for 
MSCs by H. Xiao et al..[147] The graphene/phosphorene film was prepared via a two-step 
vacuum filtration method. Then the pattern of the electrode was etching by plasma. To avoid 
the irreversible reaction of phosphorene with moisture, an ionic liquid was used as electrolyte. 
The device showed advantages of not only outstanding flexibility and wide potential range of 
3V, but also output impressive areal capacitance of 9.8 mF cm−2 at a scan rate of 5 mV s−1, as 






3.3 Graphene-based asymmetric MSCs 
 
Asymmetric supercapacitors have recently been proposed, aiming to expand the voltage 
window and enhance the energy density with the combination of both EDLC and 






































































3.3.1 Graphene // MXene hybrid device 
 
Albeit one of the most recently discovered family of 2-dimensional materials, MXenes have 
been widely applied as electrodes for supercapacitors over the last years. C. Couly et al 
introduced MXene (Ti3C2Tx) into the graphene-based flexible interdigitated asymmetric MSC 
as presented in Figure 22.[149] To obtain such a device, ink-like MXene and RGO suspension 
were prepared separately first. Then the material was applied via spray coating using a Kapton 
mask, to produce the finger electrodes. And PVA/H2SO4 gel electrolyte was used during MSC 
assembly. The optimal and SEM images of RGO//MXene MSC were shown in Figure 22a-d. 
The inter-finger spacing is 400 μm and a finger width is 900 μm, while the thickness is around 
300 nm. Figure 22e, f showed the superior flexibility of the MSC. Moreover, comparing with 
the all MXene based MSCs, the asymmetric design had a wider voltage window of 1V. The 
MXene//graphene MSC exhibited an energy density of 8.6 mW h cm−3 at a power density of 
0.2 W cm−3.  
 
3.3.2 Graphene//Metallic compounds 
 
To enhance the energy density of the device, introducing pseudocapacitive materials into the 
system, e.g. metal oxide, is a common method.[125] Also, despite of 2-dimenssional materials, 
the use of traditional carbon materials in MSCs is also widely studied.[150-152] D. Yu et al 
developed an N-doped RGO/single-walled nanotube (SWCNT)//MnO2-coated RGO/SWCNT 
asymmetric micro supercapacitor as shown in Figure 23a.[153] The SWCNT shows high 
electronic conductivity but limited surface absorption area, but the RGO shows significantly 
larger surface area but worse electronic conductivity. Combining both the advantages of these 
two carbon materials, and also enhancing the electrode performance through coating the 





































































asymmetric MSC delivered a high volumetric energy density of 5 mWh cm−3. Moreover, the 
device was used to power a ZnO based UV photodetector in this study. 
Nevertheless, the GQDs//MnO2 nano-needle -based MSC designed by Liu et al. delivered an 
energy density twice as high as that of GQD-based symmetric MSCs. [125] 
In addition, an all-solid-state asymmetric MSC on a polyimide flexible substrate based on a 
two-step deposition laser-induced graphene (LIG) and metal oxide/hydroxide has been 
reported by Li et al.[37] In this work, LIG–FeOOH and LIG-MnO2 were used as negative and 
positive electrodes, respectively. The asymmetric device demonstrated a capacitance of 5.4 F 
cm-3 in LiCl/PVA gel electrolyte with a working voltage of 1.8 V, along with good cycling 
and mechanical stability. 
To meet the demand of high performance MSCs, S. Zheng developed a printable MSC based 
on all-in-one monolithic stacked--layer MnO2/poly (3,4-ethylenedioxythiophene) poly 
(styrene sulfonate) nanosheets as positive electrode, exfoliated graphene (EG) as negative 
electrode and boron nitrite nanosheets as separator, PVA/LiCl gel as electrolyte. Such a 
fabrication (Figure 24) has a wide operational voltage window of 1.8V and comparative 
volumetric energy density of 8.6 mW h cm−3 as well as flexibility.[154] 
Additionally, MoS2, another functional material in supercapacitors, can also be applied onto 
graphene-based MSCs. H. Pan reported a bio-inspired MoS2/ graphene-based nanofiber 
application in asymmetric MSC.[155] As shown in Figure 25 a, b and g, the bio-inspired fibre 
was prepared via a fabrication sequence including centrifugation, prototyping, oxygen plasma 
treatment, spinning and carbonization. The MSC was assembled with RGO-CNC and RGO-
MoS2 as electrodes and PVA/H3PO4 gel electrolyte. The microfibers showed an ultrahigh 
conductivity (3.12 × 104 S m−1 for RGO−CNC and 3.27 × 104 S m−1 for RGO−MoS2), which 
is superior to other RGO-based fibres.[156-158]. Besides, the asymmetric MSC had a wide 
voltage window up to 1.5V. With the nanofiber structure, which enhances the power density 





































































showed both excellent power/ energy performance, with a specific energy density of ∼100 
μW h cm−2 and a power density of ∼102 mW h cm−2. 
 
 
3.4 Role of hydrated Graphene oxide (h-GO) 
 
Although graphene oxide usually works as the precursor of RGO in the development of 
graphene-based MSC, the hydrated GO can be a part of electrolyte or membrane as reported 
previously.[55, 157, 159-162] 
M. F. El-Kady et al reported a design of GO-membrane based on-chip MSC with electrolyte 
over-coating as shown in Figure 26.[157] Prepared with a modified Hummer’s method first, 
GO was dispersed into aqueous suspension. Meanwhile, a PET layer was attached onto the 
surface of a DVD disc. Then the GO solution was dropped onto the PET surface and dried. 
The laser subscribed graphene (LSG) pattern was reduced with a computer optical drive as 
shown in Figure 26a. The optical image of the LSG electrode and the GO membrane under a 
microscope was presented in Figure 26b, whereas the black side is LSG and the golden part 
is GO. Also, in the SEM image of GO/LSG interface, it’s clear that the GO and LSG are well 
contacted. The electronic conductivity of GO and LSG was tested and compared, which 
indicated that GO layer could play the role of membrane with low conductivity. With 
electrolyte over-coating, the obtained MSC delivered a volumetric capacitance of 2.35 F cm-3 
under a current density of 16.8mA cm-3. Even when being charged/ discharged with a high 
current density of 1.84*104 mA cm-3, the device retained a capacitance of 1.40 F cm-3, as 
described by the authors. 
Additionally, two works focus on planar sandwich structure MSC are also worth mentioning. 





































































(denoted as PG-PSSs) / without (denoted as PG-CSSs) NGO (nanosized graphene oxide) as 
separator as shown in Figure 27a-c.[162] The EG and NGO layers were prepared via a simple 
spray method. PVA/H2SO4 gel electrolyte was used in MSC assembly process. From the data 
presented in Figure 27e-h, the NGO contained MSC, with a specific capacitance of 94 F cm−3, 
which showed better performance than the PG-CSSs. The enhanced capacitance was 
attributed by the authors to the synergetic effect of the electric field and the charged NGO 
sheets, assisting the H+ and H3O
+ diffusion through the sandwiched EG layers.[161] 
To further investigate the function of GO especially hydrated GO in the graphene-based 
MSCs, Y. Gao et al designed three different graphene-based capacitors, including graphene// 
graphene, hydrated graphene oxide// hydrated graphene oxide and hydrated graphene oxide// 
graphene as shown in Figure 28a-d.[55] Considering charge distribution (ρ) and atomic 
density inside the gaps between GO and RGO layers and their dependence on several factors 
including electric field (E0), gap spacing (d0), functional groups (-O and -OH) on the graphene, 
the amount of water molecules, and defects, the charge storage mechanism in the hydrated 
GO contained system can be referred to the polarized water molecules, which shows the same 
conclusion of S. Zheng’s work.  Besides, the authors also called for the interdigitated or 
scrolled design for the RGO-GO-RGO MSC design, which would enhance the capacitance 
couple times, comparing the sandwich structure in their work. 
Apart from these functions, Wang et al. for the first time proposed to assemble a water-
dielectric capacitor by using the h-GO membrane in which the graphene oxide sheets shield 
the water intercalate from being leached with metal ions.[163] Wang proposed a new 
mechanism that utilized the dielectric property of two-dimensional confined water layer as the 
man-sized dielectric for capacitors. In this work, the voltage stability window of h-GO film 
was determined on stainless steel electrodes. It was found that the h-GO could be reduced at 
voltages above 3V. In fact, most of the papers that used h-GO as solid electrolyte cannot 





































































GO films showing the dependence of capacitive and resistive currents on the water content. 
The optimized h-GO film exhibited areal capacitances ranging from 100 to 800 μF cm-2 as a 
function of the applied voltage, which was 5 to 40 times higher than the double layer 
capacitance of activated carbon, as shown in Figure 29. 
 
4. Fabrication of Graphene-based planar interdigitated MSCs 
 
Graphene with different qualities and in different quantities have been prepared through 
chemical vapour deposition (CVD),[164-167] chemical exfoliation,[168-170] micromechanical 
cleavage,[118] bottom-up organic synthesis,[171] electrochemical exfoliation,[172] and epitaxial 
growth.[173, 174] It also successfully applied in dye-sensitized solar cells,[175] catalysts,[176] 
sensors,[177] electronics,[178] field emission,[179] polymer hybrids,[180] batteries[181, 182] and 
supercapacitors.[183, 184] 
Planar MSCs is capable of fabrication of electrodes and integration into miniaturized 
electronic devices on the same plane. In MSCs, internal resistance can be further decreased 
reducing the space between neighbouring interdigitated electrodes.[185] 
In 2003, the first prototype planar MSC was reported by Sung et al..[186] They fabricated 
interdigitated conducting polymer based MSC by using conventional photolithography and 
electrochemical polymerization methods. Initially, platinum or gold micro-electrode array was 
prepared on a silicon substrate by using photolithography followed by wet etching method. 
After that, poly-(3-phenylthiophene) (PPT) and polypyrrole (PPy) were deposited on the 
microelectrodes through electrochemical polymerization. The conducting polymer 
interdigitated MSCs contains 50 parallel microelectrodes where the distance between the 
electrodes and width are of 50 μm. The conducting polymer (PPy or PPT) interdigitated MSC 
delivered the cell capacitance of 14 mF at the cell potential between 0.6 and 1.4V with 





































































However, in practical applications, the possibility of leakage of liquid electrolytes must be 
considered to construct devices. Thus, solid materials are required to develop all-solid-state 
MSCs. Sung et al. successfully implemented an all-solid-state MSC on SiO2/Si using a new 
gel-polymer electrolyte, to avoid material leakage.[187] Subsequently, the same group designed 
and fabricated flexible all-solid-state MSCs in 2006, using a PVA/H3PO4 gel electrolyte layer 
as the substrate and using electrochemical polymerization of PPy on microelectrode arrays. 
The resulting MSC is uniquely composed of polymeric materials, which is flexible, small and 
lightweight. The device can be bent and rolled-up without with good reliability.  
Further device miniaturization accompanied by a route towards large-scale fabrication is 
essential for MSCs. Larger-scale fabrication of graphene-based MSCs has been explored by 
several groups either using photolithography or a direct writing technique, or a combination 
of both. Besides, some other techniques are developed recently. 
 
4.1 Photolithographic process 
 
To achieve the goals of high efficiency, low cost, tunable reduction degree, flexible patterning, 
and superior integration of graphene-based micro devices, UV irradiation with various 
catalysts, e.g. TiO2, ZnO, WO3 and H3PWO40,
[164, 188-191] to photo chemically reduce GO, 
comes into MSCs application. Wang and co-worker’s established a photocatalytic strategy to 
produce GO-TiO2 hybrid films for high-performance graphene-based MSCs.
[192] They used a 
photomask-assisted photo-reduction to pattern the GO-TiO2 film under UV at room 
temperature. Remarkably, the MSC exhibited high specific capacitance of 233.0 F cm-3 in 
PVA/H2SO4 with exceptional flexibility. The obtained MSC also demonstrated a volumetric 
energy density of 7.7 mW h cm-3 with a power density of 312 W cm-3.  More importantly, the 





































































Another simple, fast and low cost photonic reduction method was designed by S. H. Kang et 
al as shown in Figure 30c-d.[41] Once coated on the PET film, the GO solution was dried. A 
stainless steel mask was then used to generate interdigitated patterns. Comparing with those 
UV-reduction processes, the exposure time of this method can be as short as few milliseconds. 
And the condition of the reduced electrode can be optimized by the voltage, pulse width, 
exposure energy, as well as exposure time of the lamp, accordingly. Gel electrolyte PVA/ 
H2SO4 was also use in this case. The MSC exhibited high specific capacitance of 36.90 mF 
cm-2 using a current of 0.2 mA cm-2. 
 
4.2 Laser writing 
 
Compared to photolithographic processes, direct laser writing of MSCs provides a less-
process intensive fabrication and more versatile route, although limited by its serial writing 
mode.[193, 194] Some parameters, including laser power and scanning speed, would have 
influence on the performance of the resulted RGO, e.g. electronic conductivity.[195]  In this 
regard, El-Kady and Kaner reported planar MSCs by a relatively fast direct laser writing on 
GO films using a LightScribe DVD burner.[28] Their fabrication process is described in 
Figure 31. A graphene interdigitated capacitor pattern is obtained by selectively reducing a 
GO film coated onto a DVD disc, leading to thin and flexible devices. They have used a 
hydrogel-polymer electrolyte (H2SO4/PVA) as well as a ionic liquid-based gel electroly and 
demonstrated a working voltage up to 2.5 V, with a power density of around 200 W cm−3. 
Gao et al. described a versatile approach to MSC fabrication, still based on direct laser writing 
on the GO films to form graphene electrodes, but where GO is also used as an electrolyte and 
separator.[196] The GO near the surfaces is reduced by the laser, so that sandwiched RGO–






































































Xie et al. have also fabricated flexible laser-processed graphene (LPG) based MSCs through 
tuning the output laser power, the reduction and patterning of LPG electrode arrays.[197] The 
LPG-MSCs showed excellent rate performance, high specific energy density of 0.98 mW h 
cm-3 in LiCl-PVA electrolyte and 5.7 mW h cm-3 in ionic electrolyte. The LPG-MSCs also 
presented superior cycling stability and 93 % of capacitance still retained after 20000 cycles. 
To simplify the electrode preparation procedure and enhance the performance, a one-step 
RGO/ gold current collector synthesis method was reported by R. Z. Li et al as presented in 
Figure 32.[198] The aqueous GO dispersion was prepared and mixed with HAuCl4. After that, 
being spread onto a photo paper, the mixture was dried under room temperature. The laser 
beam was introduced into an upright microscope system and conducted onto the hybrid GO 
film (Figure 32a-b). The scanning speed was provided by a computer-controlled 2-axis 
motorized platform. The unreacted HAuCl4 was removed by DI water rinsing (Figure 32c). 
Finally, the MSC was assembled with PVA/ H2SO4 as electrolyte (Figure 32e). This novel 
strategy led to two orders of magnitude increase in electrode conductivities, providing 
excellent rate capability, and areal capacitances of 0.46 mF cm-2 at a scan rate of 100V s-1. 
Shen et al have proposed a combination of direct writing and controllable microdroplet 
transfer method shown in Figure 33.[199] The GO suspension was first prepared and being 
drop casted onto the SiO2 substrate forming a continuous GO-film. Then laser was applied to 
reduce the GO with programed pattern. After that, a PVA/H2SO4 gel electrolyte -coated glass 
was placed above the as-prepared RGO electrodes. The fs laser pulses were focused through 
the glass onto the gel layer to generate single microdrops containing electrolyte. The device 
delivered a specific capacitance of 2.14 mF cm−2 at 5 mA cm−2 and 78% of capacitance 
maintained when being operated at an ultrahigh current density of 50 mA cm−2. The 
accessibility of the inter surface of fsRGO to the electrolyte results in very little impediment 






































































4.3 Focused ion beam 
 
It is also worth mentioning that Lobo and co-workers have developed a focused ion beam 
(FIB) technology to pattern RGO with 1 μm spacing,[200] as shown in Figure 34. The 
technique reduces GO via exposure to an ion beam. In addition to the advanced capabilities 
for miniaturization given by this approach, the authors have indicated that the small electrode 
spacing can alter the ionic diffusion kinetics such to obtain superior frequency response. The 
FIB-RGO MSC had a high capacitance of 102 mF cm-2, and a stable cyclability at an ultra-




The as-mentioned MSCs fabrication techniques show difficulties in large scale commercial 
applications. Therefore, to overcome this drawback, direct printing techniques, including 
spray deposition and inkjet printing, which offer a promising protocol for future roll-to-roll 
production of MSC arrays, are widely developed.[201] In this section, we would like to talk 
about some advanced printing technologies.  
 
4.4.1 Spraying, Ink-jet printing, Screen printing and 3D printing 
 
S. S. Delekta et al introduced a highly transparent and flexible graphene-based MSC using a 
direct inkjet printing method.[202] As presented in Figure 35a-f, a large-area and uniform thin 
film of graphene flakes was firstly printed on the glass substrate, and then an interdigitated 
hard mask was printed with silver ink in the inner region of the graphene film. After that, the 
whole structure was subsequently etched using O2 plasma and the uncovered graphene was 





































































electrolyte was deposited when assembling the MSC. The thickness and the transmittance of 
the electrode can be tuned by the amount of spraying solution. This MSC exhibited 
remarkable performance versus transparency (ranging from a single-electrode areal 
capacitance of 16 μF cm−2 at transmittance of 90% to a capacitance of 99 μF cm−2 at 
transmittance of 71%), which provides the possibility to work as the energy storage system of 
the solar cell or being applied onto wearable devices.  
In contrast to the inkjet printing and dry etching method, J. Li reported a mask-assisted full 
inkjet-printed MSCs fabrication strategy (Figure 35g-h).[203] Firstly, the electrochemically 
exfoliated graphene (EEG) was prepared and dispersed in DMF. Later, the EEG-ink was 
formulated with the centrifugation-assisted solvent exchange technique. On the other hand, 
the polyelectrolyte, poly (4-styrenesulfonic acid) (PSSH), was synthesized. Then the MSCs 
arrays were printed in 3 steps: EEG printing, EEG annealing, and PSSH electrolyte printing 
using a commercial piezoelectric Dimatix Materials printer. The fully printed graphene-based 
MSC output the highest areal capacitance of 0.7 mF/cm2. When more than 100 devices were 
connected to form large-scale MSC arrays, it could be charged to 12V with 8 months 
retention.  
Z. Liu and colleagues fabricated planar MSCs using a patterned-mask assisted spraying 
method. The electrochemically exfoliated graphene solution was printed onto the paper 
substrate via spray gun to form a homogeneous thin-film. The as-prepared MSC with 
PVA/H2SO4 gel-electrolyte achieved a volumetric capacitance of 800 μF cm
-2 under a scan 
rate of 1 mV s-1.[201] 
In addition, screen printing, a photolithographic and chemical etching steps free method, is 
also used for MSCs electrode patterning.[204] Woo Jin Hyun and co-workers reported a high 
resolution screen printing method in preparing graphene-based MSC, shown in Figure 36.[205] 
A thin silicon stencil is first prepared via photolithography and reactive ion etching, as 





































































spacers and the graphene structures are then printed using a high -definition squeegee. The 
thickness of the graphene lines is controlled by the thickness of the spacer, while the width is 
adjustable by applying graphene inks with different viscosities. 
In addition to the 2-dimensional printing above, Z. Wang et al successfully introduced 3D 
printing technique into the graphene-based MSCs fabrication as shown in Figure 37.[206] 
Firstly, GO dispersion was mixed with PANI-NMP solution to form GO/ PANI gel. Then the 
gel was filled in a syringe and the extrusion pressure was provided by an air-powered fluid 
dispenser. The gel was deposited on a 3-dimensional moving substrate, software-controlled to 
obtain the desired shape (Figure 37a-b). Also, PVA/H2SO4 gel electrolyte was printed in the 
gap between the electrode fingers. The prepared device demonstrated a high areal capacitance 
of 1.255 F cm-2 at a current density of 4.2 mA cm−2. And the capacitance retention rate was 
around 75% after 1000 cycles under the current density of 50mA cm-2 (Figure 37c-f). 
 
4.4.2 Gravure printing and Stamping 
 
Hard-printing/ stamping and gravure, typically roll-to-roll, have been also pursued as a 
method for graphene -based electrode preparation. W. J Hyun combined the stamping method 
with a Xenon lamp reduction technique to obtain the patterned graphene-based MSCs as 
shown in Figure 38a-e.[207] The polydimethylsiloxane (PDMS) stamp was first fabricated 
onto a pre-treated Si wafer: a mixture of PDMS monomer and its curing agent was poured 
onto the master mold and cured in an oven. The PDMS stamp was peeled off and post cured 
in an oven. Then a UV-curable polymer was poured on a PET film that was plasma-treated 
and pressed by the PDMS stamp. After the polymer being exposed to the UV light for a 
constant time, the stamp was removed. The as-prepared GO ink was inkjet-printed onto the 





































































onto the electrolyte receiver to assemble the MSCs.  The obtained device exhibited a specific 
capacitance of 268 μF cm−2 at a CV scan rate of 10 mV s−1. 
Meanwhile, rotary gravure printing has also been used to fabricate MSCs. Ethan et al. have 
developed a gravure printing method using a flooding-doctoring-printing approach for large-
area fabrication of graphene-based flexible electronics, as shown in Figure 39.[208] Firstly, in 
flooding step, the gravure printing cell is filled with graphene-ink. In the doctoring step, the 
extra ink on the surface is removed. Finally, the ink is transferred (printing step). The 
resolution of the graphene line is determined by the size of the cell.  
Similarly, an advanced mask-less, photoresist-free technology for patterning graphene based 
on roll-based manufacturing technique was reported by S. Kim et al.[209] Firstly, graphene was 
grown onto Cu substrate using the CVD method. Then the highly durable Ni stamps were 
used to pattern the graphene at room temperature using a roll-to-plate transfer machine. Later, 
a carrier film was attached to the patterned CVD graphene and the Cu foil was removed by 
etching in ammonium persulfate (APS) solution. Finally, the patterned graphene was 
transferred to the target substrate. PVA/ H2SO4 gel electrolyte was added as electrolyte by 
drop-casting method in this MSC. The area-specific capacitance value was 5.0 μF cm−2 (at a 
scan rate of 0.05 V s−1).  This novel technique provides a viable roll-based technology for 
patterning CVD graphene, which was one of the most challenging issues in the roll-to-roll 
manufacturing of graphene electrodes. 
 
5. Summary and Perspectives 
 
The main aim for planar MSCs is their miniaturization and integration with functional devices 
within a microsystem in an efficient and manufacturable fashion, while maximizing their areal 
energy, power density and life span to meet the energy consumption requirements of 





































































development (Figure 40). A summary of the current best electrochemical performances from 
the literature of graphene-based MSCs is provided in Table 1. Note that since the device data 
is related to a range of various supercapacitor geometries, thicknesses, and is often reported 
using different specific metrics of performance and cyclability, clear-cut comparisons are 
generally challenging. Overall, as the comparison of performance in Ragone plot indicates in 
Figure 41, advanced graphene-based planar MSCs exhibit superior power performance 
accompanied by energy densities competitive with commercial lithium thin-film batteries. It 
is important to note that as the lab-fabricated MSCs may not be fully packaged as the 
commercial devices, the volume of package may be excluded in the calculation of 
energy/power density in literatures. According to Gogotsi and Simon, the volumetric density 
of a well-packed carbon-based device would be just around 1/5 of the electrode-based 
density.[210] Nevertheless, even taking into consideration a package correction factor of 20%, 
graphene-based MSCs are still competitive with commercial lithium thin-film battery under 
high current density thanks to their extraordinary rate performance. MSCs are particularly 
suitable for fast and repetitive charging/discharging at large currents, while such an operation 
could damage micro-batteries. 
We have already discussed how benefits of a planar interdigitated electrode design result in a 
simplified integration of MSCs into miniaturized systems. Additionally, interdigital electrodes 
with microscale gap sizes dramatically decrease the ionic diffusion distance, leading to 
improved electrochemical performance including higher charge-discharge rates and frequency 
response as compared to sandwich-type supercapacitors.[211] We also remind that Lobo et 
al.[200] assessed interdigitated MSCs with electrode spacing of only 1 µm, delivering an 
extraordinarily high areal capacitance of 102 mF cm-2. In interdigitated MSCs, the width and 
number of electrode fingers are another important factor to increase the overall performance. 
For example, Mullen et al have compared the performance of different numbers of electrode 





































































performance was found to greatly improve as the number of the finger electrodes increased 
while the finger width and gap were scaled down to occupy the same area. Such results are 
encouraging, as they all indicate that smaller geometries and feature sizes tend to improve 
electrochemical performance. The optimization of geometric parameters has hence an 
influence on the final performance that goes beyond the purely geometric capacitance to 
include enhanced ionic and electronic transport phenomena, which is of great interest for 
miniaturisation. 
In addition, the porous electrode approach shows ultra-excellent performance due to the 
shorter ion diffusion path and high specific area, e.g. the porous graphene film reported by X. 
Yun showed a high energy density of 1.45 mWh cm-3 at the current density of 0.6 mA cm-2, 
which is superior other non-porous graphene-based MSCs, accordingly.[57]  The engineering 
of porosity in the electrode material could be therefore an important enhancement going 
forward.  However, as discussed in section 2, BET may not be an appropriate method to 
access the porosity and pore size in thin films.[68] The latter characteristics are crucial when 
optimizing the performance of MSCs, since the choice of electrolytes need to be tailored to 
the porous structure of the electrodes for maximum performance and efficiency.[212-216]  
In terms of specific electrode material, we note that reduced graphene oxide (RGO) is by far 
the most common type of graphene used in highly-performant MSCs, likely due to its ease of 
synthesis, including in large quantities, ease of patterning through selective reduction through 
either direct writing or photolithography, low-cost and good electrochemical performance.[217] 
Graphene-based composite materials, especially those with heterostructure, such as 
graphene/carbon, a combination of two EDLC type materials which expand the gap between 
RGO sheets and enlarge the surface area between active materials and electrolyte shows both 
higher capacitance and faster ion diffusion rate, comparing with bulk graphene/ RGO. Apart 
from RGO/ MWCNT based MSC reported by X. Mao et al.,[138] carbide derived carbon 





































































by M. Alhabeb et al..[218] The as-reported RGO/ CDC free standing film was prepared via 
vacuum filtration method and exhibited superior capacitance of 200 F g-1 at a high scan rate of 
100 mV s-1 as well as 94% capacitance retention rate after 10000 cycles at 10A g-1. Such a 
hybrid electrode may be fabricated in the MSCs with mask-assisted method or laser scribing 
techniques. Additionally, onion-like carbon, reported by D. Petch et al.,[219] with a diameter of 
6-7 nm and was able to be cycled under a high scan rate of 200V s-1, also shows the 
possibility to play the role of nano-spacer in graphene-based MSC electrodes. Therefore, the 
design of carbon-based, nano-spacer-pillared 2-D structural graphene film would be able to 
push the development of next generation high performance graphene-based planar 
interdigitated MSCs.  The particle size, surface area, power/ energy density and cycle stability 
are some critical parameters in nano-spacer selection. 
Another type of hetero-structured graphene-based material, combining the EDLC type 
graphene/ RGO and pseudocapacitive materials, e.g. graphene/conducting polymers and 
graphene/metal oxides, has also been explored for implementation in MSCs to enhance the 
energy density. Except the examples listed in this review, there are also some graphene-based 
hybrid electrodes applied in SCs, showing the potential to be introduced into MSCs. X. Xu 
reported a 3-D RGO/metal organic framework (MOF) derived composite aerogel based 
flexible all-solid-state SC with a high areal capacitance of 250 mF cm−3 at 6.4 mA cm−3 and a 
capacity retention of 96.3% after 5000 cycles at 50.4 mA cm−3 as well as superior 
flexibility.[220] Such a material design provides a new possible strategy for introducing various 
metal oxides into graphene-based MSCs. 
Notably, for those graphene and pseudocapacitive material hybrid electrodes, it is significant 
to expose the intermedia electrochemical active layer to the electrolyte as shown in the design 
of holey-graphene/PANI and holey-PANI/ graphene and etc..[141, 142] Or the power density of 
the electrode would be significantly limited as the ions could only diffuse to the active 





































































potential towards the selection of composite electrodes, optimization of structure designs and 
fabrication methods for the development of graphene/pseudocapacitive material hybrid 
electrodes based MSCs.  
Additionally, to further improve the energy density of the MSCs, asymmetric fabrication, 
which could widen the operational voltage window, would be a promising option. Some 
asymmetric designs, including graphene//Mxene and graphene//MoS2, are discussed in section 
4. Other electroactive materials, e.g. the newly reported tungstate acid-link polyaniline,[221] 
which exhibit high areal capacitance and high cut-off voltage, are also potential candidates in 
high performance graphene-based asymmetric MSCs.  
In spite of these, the possible application of hydrated GO would be one of the direction of 
graphene-based MSCs development. Recently, the capacitance enhancement function of 
hydrated GO in RGO-based MSCs was reported and the concept of polarized water molecule 
was introduced as the possible mechanism. With the increasing electric field, the intercalation 
water molecule rotate from the randomly distribution to the status with positive charged 
hydrogen atoms heading the negative electrode and negative charged oxygen atoms facing 
positive electrode. The ordered water molecular in the GO layer stores energy under the effect 
of electric field.[55, 157, 162] However, a detailed understanding, including of the relationship 
between the amount of water molecule intercalation and the capacitance enhancement, is still 
to be obtained. Besides, is it possible to design an electrolyte-free hydrated-GO planar 
graphene-based MSC? Could the hydrated-GO be applied to asymmetric designs? Also, are 
there any other solvents that would have a comparable behaviour when intercalated into the 
GO layer?  There is still plenty of understanding to be pursued regarding hydrated-GO. 
Going beyond the usual metrics, the possibility for a high-voltage window is an additional 
desirable parameter for MSCs in some of the integrated applications, such as sensors and 
actuators.[222] To improve the voltage output in device level, Shi et al. fabricated a new class 





































































symmetric and asymmetric configuration.[223] Graphene-based LTMSs contains 10 MSCs, 
which presented high-voltage window of 8.0 V. The areal capacitance of LTMSs can be 
further improved up to 7.6 µF cm-2 by the combining polyaniline-based pseudo-capacitive 
material into the graphene electrodes.  
Finally, Xiao et al reported a novel design of highly stretchable graphene-based 
interconnected tandem MSC as mentioned in section 3. With three serially-interconnected 
single cells, the voltage can be extended to 2.4V, comparing with 0.8V of the single cell.[139] 
Further improvements in MSCs will draw from a plethora of very different fundamental and 
technical domains. Firstly, the fundamental understanding of the complex relationships 
among the architecture, the electrolyte ion transport, the electrical transport in the electrode 
material and capacitive performance is a still a very open research question encompassing 
mechanisms from the nano to the micro and macro-scale which will be key to advancing the 
design of high-performance and reliable graphene-based MSCs. Further findings in this area 
will determine among others future geometries of planar interdigitated MSCs with improved 
energy and power densities.  
From a specific electrode material point of view, future research in the graphene-based MSCs 
will likely emphasize graphenic material designed to get a larger and more readily-accessible 
specific surface area, including 3D structures and holey hetero-structural composites, with a 
controlled porosity and defective structure. The fundamental understanding of physical and 
chemical defects and their role in the electrochemical performance will be key for further 
advances.[123] An important challenge to be addressed in this regard is the unambiguous 
benchmarking and adequate/quantifiable characterisation of the material system, including its 
porous volume structure. This may be a particularly challenging task for planar/thin-film 
electrodes. As mentioned, there is a whole body of literature about characterisation of thin 





































































Finally, another key area mature for further development is the integrability of the 
supercapacitors, focusing on electrode manufacturing technologies which can realize large-
scale production of planar interdigitated electrodes on arbitrary substrates. While there 
appears to be plenty of approaches on flexible substrates (most of the examples in Table 1), 
there are only few options that are compatible with semiconductor technologies.[39]  
In this paper, we have reviewed the advances and breadth of designs and approaches for the 
exploitation of graphenic material in electrodes for planar interdigitated MSCs. The usual 
metrics for benchmarking planar supercapacitors are their energy and power densities, 
particularly in terms of their specific areal densities, their cyclability, and their integrability in 
a microsystem. Those parameters are determined by the often combined effect of electrode 
and electrolyte properties, adopted geometries and architectures, and their fabrication methods. 
Because of those combined effects, the ability of making direct comparisons among the 
literature results is usually constrained. Also, important properties such as current leakage, 
output window, coulombic efficiency, mechanical stability and cycle life, etc., are often 
overlooked or not reported using comparable protocols. 
Nevertheless, the recent body of literature indicates that, thanks to its 2D and highly 
conductive nature, graphene demonstrates superior versatility and compatibility for 
integration on both rigid and flexible planar substrates, which is of great promise for 
integrated power sources for example in a wide variety of sensors for the Internet of 
Everything. A wide range of graphene-based MSCs have been reported with high energy and 
power densities by using vastly different fabrication processes, some of which are extremely 
promising, and we have here grouped and compared in an extensive table.  
In spite of recent advances, research and development of graphene-based MSCs is still at an 
immature stage and has a vast scope for further advances, from the understanding of 
fundamental electrochemistry and transport mechanisms to the more technological fabrication 





































































the optimization of the accessible surface area of the electrodes, co-tailoring electrode 
porosity and electrolyte ions, and certainly the next few years will show more advances in this 
respect. 
To achieve high-performance graphene-based MSCs it is indispensable to optimize thin-film 
fabrication and characterisation techniques, microelectrode design, active electrode materials 
(including porosity and defect engineering), and selection of the electrolytes and interfacial 
integrity of the key components. On the other hand, graphene offers undisputed advantages in 
terms of high conductivity, robustness and ultimate miniaturisation thanks to its 2D nature. In 
addition, graphene and graphenic materials are relatively low-cost and they can be 
synthesized, patterned, functionalized and engineered through a plethora of fabrication 
techniques, covering from small to large-area, from flexible to rigid substrates. 
As their energy densities trend is catching up with thin-film batteries, we believe that further 
advances of graphene-based MSCs may greatly contribute to small-scale energy storage 
devices in the future, for both silicon and organic-based semiconductor microsystems. 
Cooperative interdisciplinary research is mandatory to achieve the full integration of MSCs 
with energy harvesters and other microelectronic components. Such advances towards truly 
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Figure 1. Ragone plot associated with specific energy and power for various electrochemical 
energy storage systems. Reproduced with permission.[1] Copyright 2008, Macmillan 






































































Figure 2. Schematic of contents covered in this review. 
 
 
Figure 3. a) Schematic diagrams of conventional sandwich supercapacitor and b) MSC with 
in-plane interdigital electrode architecture. Reproduced with permission.[51] Copyright 2017 
WILEY-VCH. c) screwed multilayer connection. Reproduced with permission.[55] Copyright 
2018 WILEY-VCH Verlag GmbH & Co. d) SEM images of the Laser-carved porous RGO 







































































Figure 4. Formation and diffusion of positronium (Ps) in a porous material containing both 
open and closed pores. Reproduced with permission.[79] Copyright 2001 American Institute of 
Physics. 
 
Figure 5. a) Schematic representation of the incident and scattered beams in a small angle 
scattering experiment. b) Determination of the film density and thickness from x-ray 
reflectivity. c) Pore size distribution as estimated by x-ray scattering, nitrogen porosimetry, 






































































Figure 6. Ellipsometric porosimetry data for typical low-k films (a) mesoporous HSQ based 
material. This graph demonstrates good agreement of pore size calculated with different 
adsorptive and nitrogen (BJH) porosimetry, (b) MSQ based film with bi-modal porosity and 
(c) a carbon doped microporous silica film. In the last two cases adsorptive is toluene. 







































































Figure 7. (a) and (b) Schematic process of ultrathin RGO-based MSC preparation. (c) Optical 
image of MSC on polyethylene terephthalate substrate. (d) AFM image with the average 
thickness of the electrodes. (e) The specific capacitance of the RGO MSC and conventional 
supercapacitor at various scan rates. The Nyquist plot of (f) RGO MSC and (g) conventional 
supercapacitor. Reproduced with permission.[90] Copyright 2013 WILEY-VCH Verlag GmbH 
& Co. 
 
Figure 8. (a-f) Schematic fabrication illustration of MSC with RGO via plasma reduction. (g), 
(h) CV curves at scan rates of 1 and 1000 V s-1. (i) The capacitance retention versus cycle 







































































Figure 9. Schematic illustration of binder-free AG compact films for in-plane MSCs. 
(a)Vacuum filtration of EG dispersion on a PTFE membrane filter.(b)Vacuum filtration of AG 
dispersion on the top of EG film. (c)Vacuum filtration of EG dispersion on the top of an 
AG/EG film. (d)Repeated filtration of the AG layer and EG layer on the EG/AG/EG film. 
(e)Dry transfer of the alternating deposited AG film (EG/AG/EG/AG/EG) on the surface of 
SiO2/Si wafer under high pressure. (f) A compressed AG film on SiO2/Si wafer after peeling 
off the PTFE membrane. (g)Thermally evaporation of gold micro patterns as current collector. 
(h) Oxygen plasma etching and drop-casting of gel electrolyte on interdigital electrodes. (i) 
An all-solid-state AG-MSC achieved. Reproduced with permission.[121] Copyright 2015 







































































Figure 10. Graphene quantum dots (GQDs) as electrode material (a) TEM and (b) SEM of 
Au interdigitated electrodes with GQDs and (c-e) electrochemical performance using a 0.5 M 
Na2SO4 electrolyte. (f) The discharge current density of GQD-MSCs as a function of scan rate. 






































































Figure 11. (a-g) Schematic illustration SHBC-derived SG films for planar MSC on a Si-SiO2 
wafer. (h) The impedance of SG-MSCs. Insert: Magnified plot of the high-frequency region. 
(i) Phase angle as a function of frequency of SG-MSCs. (j) Cycling stability of SGMSCs. 
Insert: 1st, 5000th, and 10000th CV curves of SG-MSCs tested at 200 V s-1. Reproduced with 
permission.[130] Copyright 2017 American Chemical Society. 
 
Figure 12. (a) Synthetic scheme for the preparation of B-LIG and fabrication of the B-LIG-
MSC. (b) Scheme of the dehydration reaction from PAA to a PI film during the curing 
process. (c) SEM images of 5B-LIG. The insert is the cross sectional SEM image. (d) TEM 
image and (e) HRTEM image of 5B-LIG. Reproduced with permission.[131] Copyright 2015 






































































Figure 13. a) Schematic illustration of N-doped mechanism in graphene. b) Schematic 
illustration of the preparation of N-doped MGF. c) Photograph of N-doped MGF wrapped on 
a glass rod. d) Photograph of N-doped MGF being woven in cotton fabric, bending process of 
cotton fabric, and cloth woven by two individual fibers. e) The schematic illustration of fiber-
based MSC integrated into miniaturized flexible and fabric substrate to powered electronics. 






































































Figure 14. (a) Schematic fabrication of RGO-CNT interdigitated MSC (insert: digital 
photograph of a single MSC). (b) Top-view and (c) cross-sectional SEM images of RGO-
CNT-based interdigitated microelectrodes. Reproduced with permission.[36] Copyright 2012 




Figure 15. Schematic illustration of the fabrication process of the RGO/MWCNT 






































































Figure 16. Stretchability and cyclability of GCP-MSC. (a–c) Photographs of GCP-MSC 
tested at different strain rates of (a) 0%, (b) 100%, and (c) 200%. The inserts are the 
corresponding optical images of microelectrodes. (d) CV curves of GCP-MSCs measured 
under 100 mV s-1, and (e) GCD curves measured at 0.1 mA cm-2, with different strain rates. 
(f) Cycling stability of GCP-MSCs obtained at 0.5 mA cm-2 for 8000 cycles under different 
strain states. Reproduced with permission.[139] Copyright 2018 Elsevier B.V.  
 
Figure 17. a) Different charge storage mechanisms of interdigital electrode-based on-chip 
MSCs. Reproduced with permission.[141] Copyright 2016 Tsinghua University Press and 





































































Reproduced with permission.[142] Copyright 2017 Wiley-VCH Verlag GmbH & Co. c) 
Scheme of the fabrication of mPPy@RGO-POM Nano sheets. Reproduced with 
permission.[143] Copyright 2017 Science China Press and Springer-Verlag. 
 
 
Figure 18. (a)-(f) Fabrication step of the MnO2/graphene-based MSC. (g) Description of the 
2-D planar ion transport mechanism. (h) Specific capacitance values for the MSCs. (i) 
Capacitance retention (blue curve) and Coulombic efficiency (red curve) of the planar MSC. 








































































Figure 19. (a) Fabrication of the GMA ternary hybrid film via vacuum filtration of the 
mixture of GO, MnO2, and Ag-nanowire suspension. (b) Digital image of the as-obtained 
GMA film supported on the cellulose acetate membrane after the vacuum filtration. (c) 
Schematic illustration of the fabrication procedures for RGMA-MSC on an Al substrate. 







































































Figure 20. (a) Schematic illustration of a MnO2/ RGO nanowire. Ions transport only through 
the gap between the graphene and the MnO2 nanowire. (b) Schematic illustration of a MnO2/ 
pGO nanowire. Ions transport through not only the gap between the graphene and the MnO2 
nanowire but also the pores in the graphene. (c) Bar chart of total capacitance in nF/μm2 
together with the percentage contribution from capacitance and intercalation as a function of 
different materials with scan rates of 20, 50, 100, 300, and 500 mV/s. Reproduced with 
permission.[40] Copyright 2016 American Chemical Society.  
 
 
Figure 21. Electrochemical performance of PG-MSC. (a) Ragone plot of PG-MSC and G-
MSC. (b) Cycling stability of PG-MSC at 0.44 A cm−3 for 2000 cycles under flat and bending 
state. The inserts are optical images of PG-MSC in flat and bend states. (c) CV curves at 100 
mV s−1 of single and three serial PG-MSC. (d) Photograph of three serial PG-MSC used to 
power a light-emitting diode (LED). Reproduced with permission.[139] Copyright 2017 






































































Figure 22. a) Digital image showing a top-view of the asymmetric MSC device along with a 
quarter U.S. dollar coin for size comparison, b) zoom-in image of Ti3C2Tx and RGO 
interdigitated electrode configurations and the interspace. c) Side view of the device with a 
U.S. quarter dollar coin and SEM cross-sectional image of the Ti3C2Tx electrode. d) Top-view 
SEM image of the interdigitated fingers, showing one Ti3C2Tx electrode between two RGO 





































































s−1 while the device is bent and twisted at different angles, with a flexible MSC without a 
current collector in the background. g) Capacitance retention of the three different MSCs at 
0.2 mA cm−2 while held at an angle of 30°. From the left to the right interdigitated asymmetric 
MSC (black), sandwich asymmetric MSC (red), and interdigitated symmetric MSC (blue). h) 
XRD of the asymmetric interdigitated MSC after 10000 cycles. Reproduced with 
permission.[149] Copyright 2017 WILEY-VCH Verlag GmbH & Co. 
 
 
Figure 23. (a) Schematic illustration of the design and fabrication of the asymmetric fibre-
based MSC; (b) The optical image of a 26 cm-long RGO/SWCNT (GCF) all-carbon fibre; (c–
f) SEM images of the GCF fibre: (c) overview, (d) surface, (e) cross-section, and (f) fractured 
end. Scale bars: 50 μ m for (c), 100 nm for (d), and 1 μ m for (e) and (f). Reproduced with 






































































Figure 24. Fabrication and characterization of EG//MP-MSC based on EG/BN/MP 
monolithic film. (a) Schematic of the stepwise fabrication of EG//MP-MSC. (b, c) Digital 
image of EG//MP-PASC with flat (b) and bending (c) states on PET substrate. (d) Ragone 
plot of EG//MP-MSCs and other commercially available energy storage devices. (e) Cycling 
stability of EG//MP-MSC tested under repeated bending state. Insert is the photographs of 








































































Figure 25. (a) Major ampullate gland of a Nephila clavipes with its winding tail (segment 1), 
central ampulla (segment 2), conical funnel (segment 3), and S-shaped duct (segment 4). (b) 
Biomimetic MC. (c−f) Liquid crystals formed in the MC channel under shearing: (c, d) POM 
and (e, f) SAXS patterns. (g) Schematic spinning process via a MC starting from the high-
viscosity spinning dopes. (h) Ribbon-like microfibers. Reproduced with permission.[155] 








































































Figure 26. Characterization of LSG micro-devices (a) A digital photograph of the laser-
scribed micro-devices. (b) An optical microscope image shows interdigitated fingers with 
150-mm spacing. The dark area corresponds to LSG and the light area is GO. Scale bar, 200 
mm. (c) A tilted-view SEM image shows the direct reduction and expansion of the GO film 
after exposure to the laser beam. Scale bar, 10 mm. (d) and (e) show the I–V curves of GO 
and LSG, respectively. (f) A comparison of electrical conductivity values for GO and LSG. 







































































Figure 27. (a) Schematic of a rectangle-shaped PG-PSS made up of an EG/NGO/EG layer-
structured film on a single PET substrate. (b,c) Optical images of rectangle-shaped PG-PSSs 
under (b) flat and (c) bending states. (d) The CV of the rectangle-shaped PG-PSSs with 
H2SO4/PVA gel electrolyte, and scan rates from 1 to 100 mV s
−1. (e) The CV of the rectangle-
shaped PG-PSSs and PG-CSSs with a scan rate of 50 mV s−1. (f) Performance comparison of 
areal capacitance of PG-PSSs with PG-CSSs. (g) The CV curve of the rectangle-shaped PG-
PSSs bent at different states from 42 (almost flat, insert) to 2 mm (≥180o, insert. (h) 
Capacitance retention as a function of curvature radius. Reproduced with permission.[162] 
Copyright 2017 American Chemical Society. 
 
 
Figure 28. (a) Two RGO sheets with the distance of 8 Å, (b) two GO sheets with the distance 
of 8 Å, and (c) one GO and one RGO sheets with the distance of 8 Å, respectively; (d) is a 3D 
schematic of this model in (a). Reproduced with permission.[55] Copyright 2018 WILEY-VCH 






































































Figure 29. a) Dielectric constants of various inorganic materials. b) Cross sectional SEM 
image of a hydrated graphene oxide film. The insert shows the hydrogen bonding between 
water molecules and graphene oxide sheets. c) Relationship between dielectric capacitance 
and voltage of the water-dielectric capacitor in which the hydrated GO film is used as the 
dielectric spacer. The dashed rectangular curves are CV profiles for 1: ideal dielectric 
capacitor and 2: dielectric capacitor with resistance. d) CV of the hydrated GO film and films 
annealed at 100, 110 and 120oC. Reproduced with permission.[163] Copyright 2012 The Royal 






































































Figure 30. (a) Schematic of one-step fabrication process for photo reduction graphene based 
MSC (PRGMSC) with different geometries. (b) Photo reduction mechanism of TiO2 
nanoparticle-assisted reduction of a GO film under ultraviolet irradiation. Reproduced with 
permission.[192] Copyright 2017 American Chemical Society. (c) Schematic illustration of the 
fabrication process of flash printed (FP)-MSC and (d) optical image of a flexible FPMSC. 






































































Figure 31. (a–c) Schematic fabrication process of planar MSCs using a using a LightScribe 
DVD burner. (d,e) Over 100 micro-supercapacitors are written on a single disc. Reproduced 
with permission.[28] Copyright 2013 Macmillan Publishers Limited. 
 
 
Figure 32. Schematic illustration and photos of fabrication of RGO/Au-MSCs (micro-
supercapacitors) onto a paper substrate. The fabrication process includes: (A) direct FS laser 
writing of RGO/Au microelectrodes, (B) the SEM image of RGO/Au microelectrodes, (C) 
removal of unreacted HAuCl4 by rinsing in DI water, (D) SEM image of the interdigitated 
RGO/Au microelectrodes, (E) spreading the PVA/H2SO4 electrolyte onto the microelectrodes, 
and (F) the optical image of the final RGO/Au FS-MSC. Reproduced with permission.[198] 






































































Figure 33. Fabrication of integrated MSC on a GO film using fs laser processing. The micro 
electrolyte droplet is transferred on top of the interlaced microelectrodes using the fsLIFT 
technique. Reproduced with permission.[199] Copyright 2018 American Chemical Society. 
 
Figure 34. Fabrication of MSC with FIB-RGO (a) SiO2 layer on a silicon substrate (b) GO is 
spin-coated (c) RGO structures written by FIB to produce (d) interdigitated devices (e) 
Individual MSC (f) featuring a 1 μm inter electrode spacing. Reproduced with permission.[200] 






































































Figure 35. Schematic of the fabrication process of the transparent MSC. (a) Graphene flakes 
were printed on the glass substrate. (b) A hard mask was printed with silver ink. (c) Exposed 
graphene flakes were etched with O2 plasma. (d) The hard mask was removed with nitric acid 
solution. (e) Gel electrolyte was deposited by drop casting. (f) digital photograph of a device 
during characterization, with fingers of 600 μm wide, 2.5 mm long and the gaps between 
fingers are 200 μm. Reproduced with permission.[202] Copyright 2017 The Royal Society of 
Chemistry. (g, h) Images of MSC array on Kapton. (i) CV of MSC array at different scan 
rates with a voltage window of 12 V. Reproduced with permission.[203] Copyright 2017 







































































Figure 36. a) Fabrication of a thin silicon stencil through conventional lithography techniques. 
b) Schematic of screen printing using the silicon stencil and a pristine graphene ink. c) Cross-
sectional illustration of the screen printing method with the flexible silicon stencil during 






































































Figure 37. 3D printed planar MSC and its capacitive performance. (A, B) Optical images of 
the printed interdigital electrodes. (C) CV of the planar MSC at different scanning rates. (D) 
The GCD curves at different current densities. (E) The specific capacitances at different 
current densities. (F) Capacitance retention rate for 1000 cycles at 50 mA cm−2. Reproduced 






































































Figure 38. Fabrication of MSC via the SCALE process. a) UV-curable polymer was coated 
on a PET film and pressed by a PDMS stamp. b) The stamp was delaminated from the 
polymer coating after UV curing of the photopolymer. c) Graphene ink was inkjet-printed 
onto the ink receivers for electrodes. d) The printed graphene was photonically. e) Electrolyte 
ink was inkjet-printed onto the electrolyte receivers. Reproduced with permission.[207] 









































































Figure 39. Development of the graphene ink for gravure printing. (a) Schematic of the ink. 
(b) Optical image of the formulated ink. (c-e) Illustration of the gravure printing method 
decomposed into three steps: (c) flooding of the gravure cells; (d) doctoring; (e) printing. 
Reproduced with permission.[208] Copyright 2014 WILEY-VCH Verlag GmbH & Co. 
 
 
Figure 40. Time line of development of graphene-based MSCs. (Asymmetric designs are 








































































Figure 41. Ragone plot comparison of lithium thin-film battery, conventional supercapacitor, 
electrolytic capacitor and some advanced Graphene-based planar MSCs (ref 141, 154, 



















































































Table 1. Summary of recent advances in graphene-based micro-supercapacitors  
Electrode materials Substrate Electrolyte Specific 
capacitance 







Porous RGO film PET PVA/ H2SO4 37.95 mF cm
-
2 




- Ice-drying, laser 
carve 
(57) 
RGO PET EMImNTF2 233 F cm
-3 
(Vol.) 
100 % retained after 
10000 cycles 
7.7 mW h  
cm-3 





Paper PVA/H2SO4 5.4 mF cm
-2 90 % retained after 
5000 cycles 
- - Direct ink printing (201) 
RGO Si/SiO2 1 M Na2SO4 
 
102 mF cm-2 95 % retained after 
1000 cycles 
- - Focused ion beam  (200) 
Graphene  Glass &  
PET 
PVA/ H2SO4 41.8 F cm
-3 
(Vol.) 
95 % retained after 
1000 cycles 
- - Direct ink printing (224) 
RGO/MWCNTs PET  PVA/H3PO4 46.6 F cm
−3 
(Vol.) 
88.6 % retained after 
10,000 cycles 
6.47 mW h 
cm−3 
10 mW cm−3 Direct Laser 
writing 
(138) 
Sulphur-doped graphene Si/SiO2 PVA/ H2SO4 553 mF cm
-2 
 
95. % retained after 
10000 cycles 
3.1 mW h  
cm-3 





Si PVA/ H2SO4 89.5mF/cm
-2 99.6% retained after 
10,000cycles 







Graphene quantum dot Au EMIMBF4/A
N electrolyte 




56.7 μW cm−2 Electrophoretic 
deposition 
(125) 
Boron-doped graphene Polyimide PVA/ H2SO4 16.5 mF cm
-2 90% retained after 
12,000 cycles 




H3PO4/PVA *  
EMIBF4/PVD
F-HFP # 











15 W  
cm-2 # 






H3PO4/PVA 107.5 mF cm
-
2 




1.22 mW cm-2  Mask-assisted 
filtration 
(139) 
Holey-RGO/ PANI SiO2 PVA/ H2SO4 271.1 F·cm
−3 
(Vol.) 









Si/SiO2 1M H2SO4 3 mF cm













PVA/ H2SO4 115 mF cm

















4.42 F cm-3 * 
(Vol.) 
2.72 F cm-3 # 
(Vol.) 
- * 
90.3% retained after 
6000 cycles # 
0.45 mWh 
cm-3 * 
2.3 mWh cm-3 
# 




Oxygen etching (77) 
Holey-RGO/ MnO2 
nanowire in scroll 
Si/SiO2 6M KOH 104 nF/μm
2 - - - Hydrazine hydrate 
treatment 
(40) 
RGO/ Fe2O3 PET PVA/ KOH 347μF cm
-2 92.08% retained 
after 32,000 cycles 
1.61 mWh 
cm–3 
9.82 W cm−3 Photolithography (146) 
Graphene/ Phosphorene PET BMIMPF6 
ionic liquid 
37  F cm−3 
(Vol.) 




1.5 W cm−3 Mask-assisted 
filtration 
(147) 
RGO// Mxene PET PVA/ H2SO4 2.4 mF cm
−2 97% retained after 
10,000 cycles 











2.891 W cm−3 Laser induction (37) 
Exfoliated graphene// 
MnO2/ poly (3,4-ethylene 
dioxythiophene)-poly 
(styrene sulfonate) 










Kapton PVA/H3PO4 121 F cm
−3 
(Vol.) 




∼102 mW  
cm−2 
Spinning  (155) 




after 10,000 cycles 
7.7 mWh 
cm−3 
312 W cm−3 TiO2-assisted UV 
reduction 
(192) 
RGO/ PANI Polystyrene  PVA/ H2SO4 1329 mF cm
−2 75% retained after 
1000 cycles 
- - 3D printing  (206) 
Graphene PET PVA/ H2SO4 5.0 μF cm
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This review provides an analysis of the extensive recent advances in graphene -based 
micro -supercapacitors. There is an increasing interest in miniaturized power sources that 
can integrated with electronics microsystems, rigid or flexible. Graphenic carbon, in all of its 
different forms, has proven a versatile, robust and high -performance material for electrodes 
in micro -supercapacitors. Substantial further advances are expected from the control of the 
pore structure of the material, the tailoring of porosity to the electrolyte and the use of hybrid 
material combinations. 
 
Keywords micro- supercapacitors, graphene, thin -films, electrochemical performance, 
fabrication 
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